The electric potential difference changes observed on etiolated oat coleoptiles in response to phytochrome transformation have been further studied using contacts on the coleoptile surface. Results are given, at 0.4 second resolution, for the first 1.5 minutes after saturating flashes of light each lasting 1 second.
The electric responses of plants to the transformation of phytochrome have long been studied in the search for a mechanism through which phytochrome acts (7, 13, 27) . The rapidity of these responses suggests that their origin is close to the initial stages in the action of phytochrome, both in physical location and in causal relationship.
Although those electric observations were made on bulk tissue, microelectrode measurements of transmembrane potential differences (14, 23) have confirmed that the phenomenon has a cellular origin and that it probably has to do with the pM2 bounding the cell. Through its control of ionic movement, the PM is the basic source of endogenous electric changes observed on the surface of a piece of tissue. This is the case regardless of whether the 'Supported by the Australian Research Grants Committee grant B65 15271. 2 Abbreviations: PM, plasma membrane (plasmalemma); R, red light; FR, far red light (given after R); PD, electric potential difference; 2R, second red light. measuring electric circuit passes through the PM, as previously proposed (14) and as will be discussed below, or through adjacent (apoplastic) regions of changing ionic concentration and consequent asymmetric diffusion potential differences.
Electric measurements with contacts on the surface of plants are very easy to make. In the absence of capacitive effects (see below) the time course of the surface measurements must reliably reflect the (average or composite) time course of the electric changes at the PM of nearby cells. Using such measurements, this paper gives details of the initial time course of the effect of phytochrome on the electrophysiology of the PM of oat coleoptile cells. Wider studies concerning the association of phytochrome with membranes have been reviewed by Marme (I 1) and Pratt (17) .
MATERIALS AND METHODS
Seeds of A vena sativa L. var 'Victory' were husked and placed in narrow, V-shaped strips of filter paper. The 'V' enfolding each seed was inverted and pushed up into a sloping hole drilled in the bottom of a clear plastic block. The filter paper served to hold the seed in place and also acted as a wick for soaking it. The block had a vertical hole drilled up and out the top to guide the germinating shoot. The system ( Fig. 1 ) was designed to fulfill two functions: (a) to contain the mesocotyl within the 30-mm hole so that at the requisite age the coleoptile could extend vertically without the curvature which results from the contortions of the unconstrained mesocotyl; and (b) to allow the seedling in its holder to be transported, mounted, and prepared for measurement mostly in darkness and with no handling of the tissue.
Each plastic holder was placed on a supporting rod in a nearly closed dish. To initiate germination, a measured volume of tap water was piped into the dish containing up to 24 prepared seeds. For the plants used at age 70 to 77 h, the coleoptiles were 12 to 17 mm, mesocotyls 30 mm.
Growth and measurement were at 25°C and in moderate to high but unmeasured humidity. Plants were in complete darkness from before seed soaking until exposed to a weak green safelight for about 3 min when they were selected and set up for measurement. The (12) .
The variable studied is the PD between a contact on the coleoptile and the solution bathing the seedling's roots. Electric contact was made at two alternate points, 3 and 8 mm below the apex of the intact seedling on the side away from the seed. These positions span the 5-mm position found to give optimum magnitude of electric response to phytochrome (13) . The full 13 mm of the coleoptile was illuminated by the light shining horizontally onto the side towards the seed. Previous, unpublished studies had shown negligible trans-coleoptile potential differences under these conditions. The remainder of the seedling was shaded from direct light. At the two measuring positions, the coleoptile was gently scraped with a razor blade in order to lower the contact resistance from over 109 Ui to about 106 (13) . Then a cotton thread, along which 10 mm KCI was flowing, was placed against the coleoptile at each position. Although liquid drop contacts may be preferable (13) , the present wet cotton contacts are simpler and have been found to give sufficiently stable and consistent measurements. The cottons, and the reference contact in the 10 mm KCI bathing the seedling's roots, were connected through KCl-agar bridges and Hg-calomel half-cells to the electrometer.
The experimental set up allowed illumination of, and collection of electric data from, two coleoptiles at a time. Data from each of the four contacts were recorded at 0.8 or 2.0-s intervals, in digital form on punched paper tape, using a 4-channel electrometer (input resistance > 109 i2) built in this laboratory. From the tape, the data were transferred to the university's computer for checking, storage, and analysis. The 
where t is time after the light flash. The starting time of the response is to and T is the time from to to the inflexion of the curve where it is rising most rapidly. Vo + / V1 is the asymptotic limit and V1 is a voltage offset. That curve reflects the sigmoid shape of the response. Certainly the observed response does other things after reaching its peak at a finite time (13) Figure 2 shows the mean electric responses of etiolated oat seedlings to a 1-s flash of bright R, to a flash of FR given 10 mi later, and to a 2R given 10 min after the FR. The solid curves are actually straight line segments joining the mean voltages at successive times. Those means are at 2-s intervals before each light flash, 0.8-s intervals up to 8 s after the light, and 2-s intervals thereafter. The form of the responses after the 80 s of the present work is given by Newman and Briggs (13) .
The accuracy of the mean response to initial R is shown by the dotted lines, which are ±2 SEm, bounding the curve. Accuracy of the FR and 2R curves is similar in magnitude, but is not shown.
The response to FR is opposite to the response to R and is larger, but is of similar shape. The response to the 2R is approximately a scaled-down version of the response to R. In the figures, dashed lines represent the template curves used to define the starting time of each response. The vertical bar on the left-hand end of each template curve is drawn at its starting time.
The three responses depicted in Figure 2 must be inspected individually and closely to determine just when each may be said to start. The template curve drawn for the response to initial R in recorded data. Although the template tends to diverge after about 70 s, the fit is close at the shorter times. For the response to 2R, the fit of the template appears reasonable on the scale of Figure  2 , although the template is just significantly high (5% level) in the time range 10 s to 30 s. Figure 4 shows the region near the origin for both those responses, using the same expansion factors as in Figure 3 . For each of these responses, the starting time of the template curve drawn in Figures 2 and 4 was chosen to be 4.5 s. With that starting time, the illustrated template curve for the response to FR fits the voltage means very well at these short times. In particular, it would be unreasonable to draw it starting much earlier. Slight variations in the other parameters for this template would not affect that conclusion. For the 2R template curve in Figure 4 , the 4.5-s starting time appears, if anything, too soon to fit at these times, i.e. the curve should possibly be shifted up to I s to the right. This appearance is due in part simply to the smaller magnitude of the response to 2R in comparison with the response to R. If the template curve for 2R were scaled down (its mv values multiplied by 0.75), the template would then fit the limited data in Figure 4 quite well. Even so, the starting time would remain unaltered, but the scaled template would be a poor fit to the bulk of the 2R response shown in Figure 2 . The crucial point that is demonstrated by these curves is that the responses to FR and to 2R do not start sooner, after the respective illumination, than does the response to the initial R.
It may be noticed, in Figure 4 , that the response to 2R shows a decrease occurring during the I s of the light similar to that displayed in Figure 3 for R. The response to FR, however, in [25] (Fig. 7 in ref. 13) . The particular feature of this model which is of concern here is that the positive-going response to R is interpreted as a hyperpolarization of the PM of each cell.
Racusen (23) (7, 13, 14, 23, 26 and the present work) means that the causative conductance or other changes must themselves be taking place as slowly.
Membrane conductance, as affected by phytochrome, was investigated by Roux and Yguerabide (24) . They found that an artificial membrane of oxidized cholesterol in the presence of phytochrome showed a 10-fold increase in conductance following R illumination of unstated duration. Subsequent FR reversed that conductance change.
Conductance, though a simple concept electrically, lacks specificity when the current carriers are a variety of ions whose individual permeabilities and electrogenic pump conductances are the main determinants of measured conductance for a cell membrane. From what is already known about ionic relations of oat coleoptile cells, one can be more specific about possible permeability mechanisms for the present electric PD changes. Using internal ion concentration data from Higinbotham (6) and assuming that the major factor determining PM PD is the passive diffusion of K+, Na+, and Cl-, a membrane PD of about -70 mv is predicted by the Goldman equation (15, p. 113) for 10 mM external KCI concentration. In that case, an increase in PM permeability to K+ would cause K+ to enter the cell thereby producing a depolarization. It is a decrease in K+ permeability (1) , and therefore conductance, that would cause hyperpolarization. The electric responses to phytochrome are the same whether 10 or 100 mm KCI is used as the contact medium (13) . For these reasons, it is unlikely that changed PM permeability to K+ is the mechanism for the rapid electric responses. If external Na+ concentration were much less than 0.3 mK, an increase in Na+ permeability would cause a hyperpolarization from Na+ efflux. The reverse electric change (i.e. response to FR in Fig. 2) could be produced by a large increase in the normally low Cl-permeability for any realistic external Cl-concentration. As an alternative to a permeability mechanism, a hyperpolarization of the PM could be produced by electrogenic pumps: enhanced H+ extrusion (16) , commencement of Ca2' extrusion (5), or Weisenseel and Ruppert (27) have shown for Nitella that Pfr initiates, with a lag of only about I s, an influx of Ca2" presumably due to a Ca2" permeability increase. This influx precedes the active efflux of Ca2" observed in oats (5) . In Figure 3 , the sign of the initial 0.04 mv fall in PD (interpreted as a depolarization) is consistent with that suggestion of an initial Ca2" influx.
The response to FR is seen to be larger than the response to R (Fig. 2) . First, this may be simply a reflection of probable nonlinearity of the PM's electric PD response to equal but opposite permeability or pump changes. Second, it may be that one response involves turning on a pump while the other involves a permeability change. Such an asymmetric mechanism would also adequately explain why successive responses to alternating R and FR slowly decrease in magnitude (Fig.   I in ref. 13) . Although the transformation of the phytochrome molecule is photoreversible, the effect of phytochrome on the system giving the electric responses is not fully reversible over the 20 min R-FR-2R cycle used here. Roux and Yguerabide (24) (8, 20, 21) and sequestering of phytochrome (9, 10) .
First, it is unlikely that the delay is just an artifact of the sensitivity of the measuring system or of the template curve chosen.
Second, the delay is probably not due to slow dark reactions in the pathway from excited Pr to Pfr, or the reverse pathway. Newman (12) showed that if FR is given within 3 s of the initial R, the response to that R is nearly eliminated. This implies that Pfr is essentially present within less than 3 s and, hence, that the dark reactions take less than this time. The time resolution of that work (12) is not fine enough to discount entirely the possibility of some contribution from dark reactions; further work, with highintensity short-interval R and FR flashes, is needed. Preliminary observations, with nonsaturating flashes, suggest that the dark reactions may be effectively complete in about 10-2s.
The third source of delay to be considered is the time needed for the process whereby the transformed phytochrome, or a phytochrome-reaction site complex if a sub-population is relevant, causes the electrochemical state of the PM to be altered. Several possibilities will be considered.
Pelletability and Movement of Phytochrome. Studies of pelletability show that, upon R treatment, phytochrome becomes associated with, and possibly bound to, cell membranes with a 2-s t1/2 (17, 18, 21, 22) . After FR, the phytochrome is released only slowly-, however, with a 25-min tl/2 (20) .
If it is a time-consuming in vivo membrane-binding process that gives rise to the 4.5-s delay in the electric response to R, then a delay should not occur for the electric response to FR or to 2R because the phytochrome is already bound at the times used for those treatments (18, 20) . Delays are observed, however (Fig. 4) . It must be concluded that pelletability, and its time-course, is not related to the early stages of the electric response; some other process is the cause of the 4.5-s delay following all three treatments in the present work.
Similar arguments indicate that the movement of phytochrome from its dispersed state in the cells to membrane locations (9, 10) is also unrelated to the early stages of the electric responses. Thus, the 4.5-s delays cannot be ascribed to a time need-ed for phytochrome to move from a dispersed state. If movement is taking place before the electric response starts, that movement must be very quick. Movement can be quick enough to contribute negligibly to the delay in the electric response to R, as is shown by the following argument: For a large protein, like phytochrome, the diffusion coefficient in water, D, is about 4 x 10-7 cm2 s-'. In a plane diffusion profile, the time constant, t, for diffusion is related to the distance, d, for l/e concentration by the equation d2 = 4Dt (15, p. 16) . From the photographs given by Mackenzie et al. (10) , a typical distance that a phytochrome molecule would have to move is about 3 ,um. Using this value for d, it follows that the diffusion time constant appropriate for their observation is 2 x 10-2 s. Diffusion may be an order of magnitude slower in cytoplasm. Even so, diffusion processes alone, with a "sink" for Pfr at membranes, are fast enough to allow, within 0.2 s, the movement of phytochrome which Mackenzie et al. report (10) . If diffusion is indeed the mechanism for phytochrome movement, the slowness of the Pr redistribution after FR requires that there is some kind of energy barrier which the Pr must pass through before it can diffuse away from the membrane.
Indirect Effect of Phytochrome on the PM. In summary, the delay between the R, FR, or 2R stimulus and the start of the response is about 4.5 s in each case. The delay is not related to the time course of phytochrome pelletability and it is largely in addition to the small delays that may be occurring due to dark reactions in transformation or due to phytochrome movement. Because of the near equality of the delays for the three treatments, it may be that a common mechanism underlies those delays (operating in reverse for the response to FR). This may be the time needed for some as yet unknown membrane process which must be completed before the PM has its electrochemical status altered. In this context, it would be very interesting to have the experiments of Roux and Yguerabide (24) repeated with a 0.5-s time resolution to look for a similar delay for conductance responses of an artificial membrane. Their published data show an imperceptible delay for one response to R but a 0.5 min delay for another; in each case, this assessment is on the basis of only one experimental point. A further possibility which could account for part or all of the delay, is that phytochrome may alternatively affect another structure of the cell, distant from the PM. That structure must then send a signal to the PM which starts to receive it about 4 s later, initiating the electric changes. This possibility is more complicated than the mechanism involving only the PM.
However, it could resolve the discrepancy, discussed before, between the present observations and Racusen's (23) results if the structure in question were the tonoplast and if the tonoplast's electric response to phytochrome is different from the PM electric change. Since Racusen's observations were of the PD of tonoplast + PM, they could show an almost immediate response, and of different polarity. This possibility, that phytochrome affects the PM only indirectly after a 4.5-sec delay, deserves further study.
